In extreme environments, toxic compounds restrict which microorganisms persist. 25
environment, low pH and metal tolerant taxa are favored (Carson et al., 2009; Hinsinger et 70 al., 2003) . Contaminated environments vary even more in pH and inorganic ion 71 concentration, and taxonomic shifts are correlated with changes in ion concentrations in 72 wastewater treatment plants (Stepanauskas et al., 2005) , urban estuaries (Duxbury, 1985) , 73 acid mine drainage (Baker and Banfield, 2003; Johnson and Hallberg, 2003) and metal 74 contaminated aquifers Hug et al., 2015; Lin et al., 75 2012) . Studies into the microbial ecology of these sites is important for understanding and 76 mitigating the impact of ion toxicity on ecosystem health (Atashgahi et al., 2018) , but they 77 also represent useful sites for testing general principles of microbial ecology. 78
The aquifer at the U.S. Department of Energy Field Research Center in Oak Ridge, 79
Tennessee (ORFRC) is both low pH and metal contaminated (Brooks, 2001) . At the 80 ORFRC, between 1951 and 1983, nitric acid solubilized uranium waste from the Y-12 81
nuclear processing plant was deposited in the unlined S-3 ponds along with mixed metal 82 and organic wastes from other DOE facilities (Brooks, 2001) . The intrusion of low pH 83 waste further dissolved the fractured shale and karst aquifer matrix releasing other 84 inorganic ions. For example, dissolution of clay minerals releases Mn, Al and other trace 85 metals (Gromet et al., 1984; Reinhard et al., 2013) while dissolution of carbonates releases 86
alkali earth metals such as Ca and Mg (Gromet et al., 1984) . Consequently, the aquifer's 87 pH ranges from 3-11 and the concentration of many inorganic ions in groundwater span 88 over 5 orders of magnitude (Thorgersen et al., 2015; . Identifying which 89 toxic inorganic ions impact the microbial community at this field site is important for 90
interpreting microbial community datasets (Smith et from the ORFRC, and other environments, can tolerate low pH and possess genes predicted 101
to be involved in metal tolerance Green et al., 2012 ; van den Heuvel 102 et al., 2010). Thus, although neutral effects can influence microbial communities, the 103 selective pressure of inorganic ion toxicity is likely a dominant factor that influences 104 microbial community composition at this site. However, it is unknown precisely which 105 geochemical parameters favor the growth of Rhodanobacter at the ORFRC. 106
In this study, using a combination of laboratory and field data, we tested the 107 hypothesis that Rhodanobacter at the ORFRC are selectively enriched in the most 108 contaminated wells because they are resistant to a specific subset of toxic inorganic ions. 109
Leveraging geochemical and microbial community data from a field survey, we identified 110 15 inorganic ions that are correlated with elevated relative abundance of Rhodanobacter. 111
Next, we used high-throughput cultivation to identify 8 of these ions that (a) are selectively 112 toxic to sensitive microbial isolates from uncontaminated wells at the ORFRC versus 113
resistant Rhodanobacter from contaminated wells, and (b) reach concentrations likely to 114 limit the growth of the sensitive isolates, but not Rhodanobacter. To validate our results 115 we confirmed the toxicity of mixtures of the selective ions at concentrations representative 116 of the most contaminated wells against ORFRC bacterial isolate collections. Our results 117 clarify which toxic ions are dominant selective pressures on microbial community 118 composition at this contaminated field site, and not merely correlated with taxonomic 119
shifts. Our general approach can be similarly applied to other environments and microbial 120
communities to identify causal factors that influence the relative fitness of microbial sub-121
populations. 122
Materials and Methods 123
Comparison of relative abundance data for Pseudomonas and Rhodanobacter with 124 field concentrations of inorganic ions 125
Field concentrations of inorganic ions and 16S rDNA sequencing data for different wells 126
at the ORFRC were obtained from the supplementary dataset and through personal 127 communication with the authors of the previous field survey publication (Smith et al., 128 2015) . Spearman correlations between field parameters and microbial taxa were calculated 129 in R. We tested whether each pair of ions (excluding self pairs) was significantly 130 correlated, and P values were converted to false-discovery rates with the p.adjust method.
131
Separately, we tested whether each ion was correlated with any of the top 8 genera and 132 converted those P values to false-discovery rates.
133
Inorganic ion arrays 134
Aqueous solutions of 80 inorganic ions in 96 well format were prepared to capture a 135 wide range of elements from the periodic table in a variety of redox states and to test the 136 influence of chelation on toxicity. Sodium and chloride salts were chosen as counter-ions 137 whenever possible so that sodium chloride could serve as a control for salt stress. All 138 chemicals were purchased from Sigma-Aldrich (St Louis, Mo, USA).
139
While the oxidation state of most ions was not measured in the field survey, 140 multiple oxidation states are represented in our inorganic ion arrays. Our ion arrays contain 141 multiple oxidation states for an element when those oxidation states are soluble and stable 142 in aerobic, neutral pH aqueous stock solutions (Table S2) compound precipitation in growth media impacted absorbance reads. To account for these 203 cases, we removed microplate wells with initial absorbance reads greater than 1.2-fold 204 above control wells from the IC 50 calculation. Positive and negative controls were used to 205 determine % inhibition values relative to controls and all fitting was carried out on relative 206
inhibition dose-response curves. 95% confidence intervals are reported and all IC 50 s are 207 calculated from at least two biological replicate dose-response curves. For compounds that 208 did not inhibit, or always inhibited greater than 50% across the range of concentrations we 209 screened, we indicate the highest concentration or lowest concentration screened in the 210
Supplementary Dataset, Table S5 . Comparisons between growth conditions to assess 211 compounds with differential inhibitory potency are for cultures inoculated on the same day. 212
We define compounds to be selective if the ratio between the IC 50 s (selectivity index, SI) 213
is greater than 2-fold and the 95% confidence intervals do not overlap. For uranium and 214 pH, dose-response data was analyzed using GraphPad Prism 7 (GraphPad Software Inc., 215
La Jolla, CA, USA) and ANOVA was used to compare fits between growth conditions to 216 confirm that the differences between fits for selective compounds were statistically 217 significant. In support of this approach, for replicate dose-response experiments with rich 218 media aerobic cultures of N2E2 (Luria-Bertani broth, LB/aerobic), all compounds display 219 similar inhibitory potencies with overlapping 95% confidence intervals ( Figure S1 ). IC 50 s 220 with confidence intervals are reported in the Supplementary Dataset, Table S5 . 221
Arrayed isolate collection 222
Isolates were obtained from groundwater samples from the ORFRC using a variety 223 of aerobic and anaerobic enrichment strategies ( (https://www.drive5.com/usearch/) to filter out reads with more than one expected error; 231
we extracted the region between the primers (the V4 region) with a custom perl script; and 232
we used usearch to count the abundance of each sequence type in each sample. Arrayed 233
isolates were recovered in R2A in 96 deep well blocks (Costar) aerobically with shaking 234 at 700 rpm in an Infors Multitron plate shaker/incubator. Overnight cultures were 235 centrifuged to pellet cells. Cells were resuspended in buffered R2A media in the presence 236 of inorganic ions at the average concentrations observed in wells with >5% Rhodanobacter 237
at an OD600 between 0.01 and 0.06 for sensitivity assays. As mentioned above, 30 mM 238 pH buffers were used for pH profiles. IC 50 s were not affected by addition of 30 mM PIPES 239 to R2A. An isolate was scored as inhibited in a given condition if growth was at least 2 240 standard deviations below the average of 4 control no stress cultures.
242
Results 243
Identification of inorganic ion parameters correlated with high relative abundance of 244
Rhodanobacter at the ORFRC 245
We analyzed data from a field survey in which the concentrations of 30 inorganic 246 ion parameters, including pH, were measured in groundwater from 93 wells at the ORFRC 247 (Smith et al., 2015) (Supplemental Table S3 ). Many of these ions are known to be elevated 248 in the contaminated wells and are associated with microbial community taxonomic shifts 249 . In this dataset, we found that low pH is significantly 250 positively correlated (false discovery rate <5%) with high concentrations of 19 inorganic 251 ion parameters including U, Al, Mn, Ni, Co, Zn, Cd, Ca, NO 3 -, K, Pb, As, Cr, Mg, Be, Ga, 252
Fe, SO 4 2and Cl ( Figure 1A , Supplemental Table S4 ). 253
We also analyzed 16S rDNA amplicon sequences that were collected alongside the 254 geochemical data. We found that the relative abundance of Rhodanobacter is significantly 255 positively correlated (false discovery rate <5%) with low pH and high NO 3 -, U, Mn, Al, 256
Co, Zn, Cd, Ni, Ca, Sr, K, Ba, SO 4 2and Cl ( Figure 1B , Table S4 ), while the other ions are 257 not strongly correlated with Rhodanobacter ( Figure 1B , Table S4 ). We also examined 258 correlations for the other 7 genera that are on average most abundant in the field survey 259
dataset. There are few strong correlations between high abundances of these other genera 260
and high concentrations of any of the ions ( Figure 1B , Table S4 ).
261
Rhodanobacter are occasionally observed in uncontaminated wells, but often 262 dominate the microbial community in the most contaminated wells with low pH and high 263
concentrations of U ( Figure 1C ) and other inorganic ions ( Figure S2 ). In fact, all of the 264 wells with >5% Rhodanobacter are the most contaminated wells with both high U 265
concentrations and low pH ( Figure 1C ). We sought to identify which inorganic ions are selectively permissive for ion-275
resistant Rhodanobacter and restrict ion-sensitive taxa in the most contaminated wells. 276
Pseudomonas, though abundant in the field survey dataset (Table S3 ), are rarely found at 277 high abundance in the presence of high concentrations of inorganic ions and low pH 278 ( Figure 1B , 1D; Figure S2 ). As an exemplar ion-sensitive isolate, we selected a 279
Pseudomonas from an uncontaminated well (up-gradient from the contaminant plume), 280
Pseudomonas fluorescens FW300-N2E2 (N2E2). We chose N2E2 because previous work 281
indicated that this strain is relatively sensitive to some transition metals (Price et al., 2018), 282
and, as such, is likely representative of many ion-sensitive isolates from uncontaminated 283 wells at the ORFRC. 284
Because low pH and uranium are the major contaminants at the site, we measured 285 the pH profile and quantified the inhibitory potency of uranium against a Rhodanobacter 286
isolate from one of the most contaminated wells, Rhodanobacter sp. FW104-10B01 287 (10B01) and against N2E2. For the purposes of the N2E2/10B01 comparisons, both strains 288
were grown in R2A media to ensure that ion activity would be identical in the growth media 289 used for the comparisons. Consistent with these ions being selectivity determinants, we 290
found that 10B01 is more resistant than N2E2 to low pH ( Figure 2A ) and to U(VI) ( Figure  291 2B). 292
To identify other inorganic ions to which 10B01 is resistant compared to N2E2, we 293
determined the inhibitory potency of a panel of 80 inorganic ions ( Figure 2C ) against both 294
isolates grown in R2A media ( Figure 2D ). We chose these ions because they likely 295
represent the dominant oxidation states of most elements found in groundwater, or when 296 multiple oxidation states are common, we included both. We quantify inhibitory potency 297
as the concentration required to inhibit growth to 50% of uninhibited control cultures (IC 50 ), 298
and we quantify selectivity as the ratio between two IC 50 s, (e.g. N2E2 IC 50 /10B01 IC 50 ) 299 Table S5 ). We consider a compound selective if the 95% 300 confidence intervals of the dose-response curves for the two organisms do not overlap and 301
the IC 50 s differ by more than a factor of 2. By these criteria, alongside low pH and U(VI), 302
10B01 is more resistant than N2E2 to Al(III), Mn(II), Ni(II), Co(II), Zn(II), Cd(II), Cr(VI), 303
Fe(II), Fe(III), Pb(II), Se(IV), Se(VI), As(V), Ga(III), and Cu(II) ( Figure 2D , Figure 2E ). 304
While Dataset, Table S3 ). 325
Identification of inorganic ion toxicity thresholds in the field that can limit a sensitive 326
Pseudomonas isolate and favor a resistant Rhodanobacter isolate 327
A selective ion must reach concentrations in the field that, while permissive for 328
Rhodanobacter, limits the survival of other taxa. Thus, we compared the IC 50 s measured 329 against N2E2 with ion concentrations in the most contaminated wells ( Figure 3 ). We 330 include wells in the set of "the most contaminated wells" if they have >5% Rhodanobacter. 331
As, noted above, all of the most contaminated wells have low pH and elevated 332
concentrations of U and other inorganic ions ( Figure 1C , Figure S3 ). 333
The IC 50 s against N2E2 for low pH, U(VI), Mn(II), Al(III), NO 3 -, Ca(II), Cd(II), 334
Co(II), and Zn(II) are all within 10-fold of the concentrations in contaminated groundwater 335 wells with >5% Rhodanobacter ( Figure 3A) . Strikingly, all of these ions are significantly 336 positively correlated with Rhodanobacter relative abundance in the field ( Figure 3B) , and, 337
with the exception of Ca(II) and NO 3 -, are selectively inhibitory of N2E2 versus 10B01 338 ( Figure 2 ). In general, there is good agreement between how strongly an ion is correlated 339
with Rhodanobacter abundance and how close the N2E2 IC 50 is to the field concentration 340 ( Figure 3B ). For example, while Pb(II) and Al(III) have similar N2E2 IC 50 s, the Al 341 concentration is almost 5-orders of magnitude higher, and only Al is positively correlated 342
with Rhodanobacter relative abundance. Thus, Al, but not Pb, is likely to impact N2E2 343 range at the ORFRC ( Figure 3A) . On the other hand, Sr, K, Ba, Mg, Cland SO 4 2are 344 positively correlated with increased Rhodanobacter relative abundance, but are not 345 selectively inhibitory of N2E2 versus 10B01 (Figure 2, Figure 3C ), and their 346 concentrations in the contaminated wells are more than 10-fold below the N2E2 IC 50 347 ( Figure 3B ). 348
The oxidation state of most ions was not measured in the field survey, but for Fe, 349
Te, Se, Cr and As the inhibitory potency varies based on oxidation state (Figure 2E, 3A) .
350
For example, while the Cr(VI) IC 50 is close to the field concentration of Cr, Cr(III) is much 351 less toxic ( Figure 3C ). Thus, although Cr is not strongly correlated with Rhodanobacter, 352
it may be a selective pressure on organisms like N2E2 in the contaminated wells if the 353 dominant oxidation state is Cr(VI).
354
Quantifying the impact of growth medium changes on inorganic ion toxicity 355
Based on our initial dose-response assays with N2E2 and 10B01, we identified low 356 pH and high U(VI), Mn(II), Al(III), Cd(II), Zn(II), Co(II), and Ni(II) as (a) correlated with 357
Rhodanobacter relative abundance in the field (Figure 1 ), (b) selectively inhibitory of 358 N2E2 versus 10B01 (Figure 2) and (c) reaching average concentrations within a factor of 359 10 of the N2E2 IC 50 in the ORFRC wells with >5% Rhodanobacter (Figure 3 ). However, 360
the growth conditions in the aquifer vary widely from the aerobic growth conditions in 361
R2A medium in which we measured ion inhibition of 10B01 and N2E2. To measure the 362 influence of this variation on ion toxicity, we measured N2E2 IC 50 s under different growth 363 conditions ( Figure 4 ).
364
Because metal toxicity is controlled by free metal activity ( To systematically investigate condition-dependent ion sensitivity, we measured the 391 impact on the toxicity of inorganic ions of varying the carbon source, terminal electron 392 acceptor, trace metal availability and iron availability ( Figure 4B ). We observed many 393
intriguing changes in IC 50 s by varying growth conditions, and likely mechanisms are 394 discussed in Supplemental Note 1. We focused on identifying conditions in which U(VI), 395
Mn(II), Al(III), Cd(II), Co(II), Zn(II) and Ni(II) are less toxic to N2E2 or Sr(II), Ba(II), 396
Mg(II), Cl -, SO 4 2and K(II) are more toxic, as this might alter our list of selectivity 397 determinants that favor Rhodanobacter at the field site. Thus, for this subset of ions, we 398 compared the maximum and minimum N2E2 IC 50 s from all growth conditions against field 399 concentrations (Figure 4 ). 400
The inhibitory potency of Mn(II), Al(III), Ca(II) and NO 3against N2E2 are not 401 greatly affected by changes in growth conditions (Figure 4 , Figure S4 ). Only dramatic 402 increases in growth medium organic carbon alleviates the toxicity of U(VI), Cd(II), Co(II), 403
Zn(II) and Ni(II) ( Figure 4A , Figure S4 , Table S5 ) such that that these ions will not be 404 inhibitory to N2E2 in the contaminated wells at high carbon concentrations. Conversely, 405
in minimal medium, at low carbon concentration, the N2E2 IC 50 for Sr decreases to ~30-406 fold above the average concentration in the wells with >5% Rhodanobacter (Figure 4 , 407  Table S5 ). Thus, although we find it unlikely, we cannot eliminate the possibility that there 408 are carbon-limited environments at the ORFRC where Sr(II) toxicity impacts microbial 409 community composition. IC 50 s for Ba(II), Mg(II), Cl -, SO 4 2and K(II) are not greatly 410 affected by changes in growth media composition (Figure 4) , and thus, it is unlikely that 411 these ions are directly toxic to ion-sensitive organisms such as N2E2 at any location at the 412 ORFRC under any conditions (Figure 4 ). 413
While 10B01 does not grow in our chemically defined medium, and we could not 414 evaluate as many growth conditions as with N2E2, comparison of the Rhodanobacter R2A 415 IC 50 s with field ion concentrations is informative ( Figure S3 ). For Al(III), Mn(II), Ca(II), 416
NO 3and low pH, the 10B01 IC 50 s are within a factor of 10 of the concentrations in the 417 most contaminated wells. Thus, the free ion activity in the contaminated wells permissive 418
for Rhodanobacter is not likely to be much higher than in R2A. 419
Additionally, Rhodanobacter are often implicated in denitrification in the most 420 contaminated wells Hemme et al., 2010; 2016; , and we were able to 421 compare 10B01 IC 50 s between aerobic and nitrate reducing conditions (Table S5 ). As with 422 N2E2, we observed some differences in ion toxicity to 10B01 depending on the terminal 423 electron acceptor (Table S5 ), but not for U(VI), Mn(II), Al(III), Co(II), Cd(II), Ni(II) and 424
Zn(II). These results are consistent with the view that this set of selective ions are 425 important regardless of whether nitrate reduction or aerobic respiration is the dominant 426
terminal electron accepting process. 427
Confirmation of selectivity determinants for panels of ORFRC isolates 428
To test if low pH and high U(VI), Mn(II), Al(III), Cd(II), Co(II), Zn(II) and Ni(II) 429
are selective pressures that favor resistant microbial sub-populations in the contaminated 430 wells, we measured the growth of 194 isolates from the ORFRC in the presence of these 431
ions at their average concentrations in the most contaminated wells ( Figure 5 , Table S3 ).
432
For these assays, we grew the isolates in R2A medium aerobically and quantified inhibition 433
relative to control cultures grown in the absence of inhibitory ions (Materials and 434
Methods). Of the arrayed isolates, only 8 Rhodanobacter from contaminated wells are 435 capable of robust growth in all conditions we tested ( Figure 5A ). None of the other 186 436 isolates, including 123 Pseudomonas and 63 other bacteria from uncontaminated wells, are 437 resistant to a mixture of U(VI), Mn(II), Al(III), Cd(II), Co(II), Zn(II) and Ni(II) at pH 4 438 ( Figure 5A , Table S6 ). In contrast, most isolates are resistant to the ions that met fewer of 439 the criteria for a selective ion including Ca (73%), NO 3 -(83%) Cr(III) (75%) and a mixture 440 of all other 19 ions measured in the field survey (72%) ( Figure 3A, Figure 5A ). These 441 results support our hypothesis that low pH, and high U(VI), Mn(II), Al(III), Cd(II), Co(II), 442
Zn(II) and Ni(II) are dominant selective pressures in the contaminated wells at the ORFRC, 443
while the other 22 ions we considered are less important. 444
Some of the ions that are not dominant selective pressures inhibit the growth of 445 some of the more sensitive isolates. Although Ca(II) and NO 3are not selectively inhibitory 446 of N2E2 versus 10B01, they are correlated with high Rhodanobacter and the N2E2 IC 50 s 447 are only about 10-fold above the concentrations in the contaminated wells. Thus, it is not 448
surprising that Ca(II) inhibits 27% and NO 3inhibits 17% of the 194 isolates we tested. 449
While Cr is not correlated with high Rhodanobacter, Cr(VI) is selectively inhibitory of 450 N2E2 and field concentrations are close to the N2E2 IC 50 and inhibits 87% of isolates, but 451
Cr(III) is much less toxic and only inhibits 25% (Figure 3 ).
452
U, Mn, Al, Cd, Co, Zn and Ni are positively correlated with low pH ( Figure 1A , 453
Supplemental Dataset, Table S4 ), but the concentrations of these metals also vary 454
independently. Thus, we measured the fraction of isolates resistant to each selective ion 455 alone ( Figure 5B ). Few isolates are resistant to low pH (pH 4, 15%), U(VI) (4%), Mn(II) 456
(8%) and Al(III) (18%), but more isolates are resistant to Cd(II) (51%), Zn(II) (37%), 457
Co(II) (49%), and Ni(II) (60%). Transition metals could be inhibitory to more isolates in 458
conditions with lower organic carbon (Figure 4 ), but these results demonstrate that the 459 selective ions as isolated parameters can impact the microbial community in the 460 contaminated wells ( Figure 5A ).
461
Our results also enable us to classify ORFRC field isolates based on resistance to 462 the selective inorganic ions. We measured resistance to a neutral pH mixture of U(VI), 463
Mn(II), Al(III), Cd(II), Co(II), Zn(II) and Ni(II) and found that all Pseudomonas isolates 464 with 16S V4 regions identical to the two dominant sub-populations (Type 1 and Type 2, 465 Figure 5B ) in a contaminated well, PTMW02 (Table S3 , Table S6 ), were resistant to 466 concentrations of these metals in the wells with >5% Rhodanobacter. These results are 467 consistent with the success of resistant Pseudomonas strains in one of the most 468 contaminated wells, especially when pH is closer to neutral. PTMW02, with a pH of 4.78, 469
is has the highest pH of any of the most contaminated wells (Table S3 ). 470
Non-additive interactions between inorganic ions can influence toxicity thresholds 471
By mixing the selective inorganic ions in formulations representative of the 472 contaminated wells, we gained insights into how complex mixtures of ions interact with 473 microbial populations. For example, we noticed that more isolates (42%) are resistant to 474 the neutral pH mixture of U(VI), Mn(II), Al(III), Cd(II), Co(II), Zn(II) and Ni(II) than to 475
Mn(II) (8%) or U(VI) (4%) alone ( Figure 5B ). This suggests antagonism, and when we 476 measured the N2E2 IC 50 s for U(VI) in combination with Mn(II), we found the interaction 477
to be antagonistic ( Figure S6 ). Antagonism is known for interactions between U(VI) and 478 metals for inhibition of the aquatic plant, Lemna aequinoctialis (Charles et al., 2006) and 479
for Hydra viridissima (Hyne et al., 1992) , but to our knowledge, this is the first report of 480 such antagonism in bacteria. Although this antagonism has a small impact on microbial 481 fitness compared to other changes in growth conditions, it is important to consider in the 482
context of the complex multi-metal gradients at the ORFRC. 483
Discussion 484
In diverse environments, including the ORFRC, the increased prevalence of ion 485 resistant taxa is positively correlated with increased ion concentrations . 486
However, in complex ion gradients, the dominant selective ions are difficult to identify. In 487
this study we developed a systematic approach for identifying selectively toxic inorganic 488
ions. We found that low pH and high U(VI), Mn(II), Al(III), Cd(II), Co(II), Zn(II) and 489
Ni(II) are likely selective pressures in the most contaminated wells at the ORFRC because 490 these ions are (a) positively correlated with Rhodanobacter relative abundance across the 491 field site, (b) selectively inhibitory of non-Rhodanobacter isolates from uncontaminated 492 wells and (c) reach toxic concentrations in the contaminated wells that are inhibitory to 493 most isolates from uncontaminated wells. 494
Our results point to specific areas where future field measurements will enhance 495 our understanding of the ORFRC. For example, because the toxicity of some ions, (e.g. 496
Cd(II), Zn(II), Co(II) and Ni(II)) varies as a function of growth conditions (e.g. organic 497
carbon content), it is difficult to quantitatively rank the relative importance of each 498
selective ion without more data on carbon source, electron acceptor and nutrient 499 availability at a given location. Thus, future work to define the influence of natural organic 500 matter from the ORFRC (Giller et al., 1998) on ion toxicity will improve our ability to 501 predict ion impact on microbial communities in the aquifer. In addition, our conceptual 502 model of the ORFRC will also be improved with more data on the prevalence and oxidation 503 state of some ions. For example, more data on the redox speciation of Se, Te, As, Cr, and 504
Fe, which vary dramatically in toxicity depending on oxidation state, will enable us to 505 identify locations in the aquifer where these elements might be selective pressures. For 506 some of the most toxic elements (e.g. Hg, Th, Pd, Ce, Cs, Au), the N2E2 IC50 was below 507 the lowest concentration we tested in our dose-response assays, but we have limited data 508 on the prevalence of these ions. Mercury (Hg) has been measured in ORFRC groundwater 509 at concentrations of up to 10 nM (Pereira et al., 2010) which suggests that mercury 510 concentrations could limit N2E2 growth at some locations in the field, and mercury efflux 511 systems are observed in Rhodanobacter from the most contaminated wells at the ORFRC 512 (Hornberger et al., 1999) . 513
Many studies on the microbial ecology of metal contaminated aquifers focus on the 514 interpretation of taxonomic shifts in terms of probable physiological traits associated with 515 U(VI) bioreduction and immobilization ( Finally, our approach could be applied to other environments with elevated 544
concentrations of inorganic ions such as the rhizosphere (Giller et al., 1998) , oil reservoirs 545 (Pereira et al., 2010) , wastewater (Stepanauskas et al., 2005) or marine sediments 546 (Hornberger et al., 1999) . While the ORFRC is an extreme example, there are indications 547 that inorganic ion toxicity can impact microbial populations in many environments 548 (Duxbury, 1985; Fierer, 2017; Gadd, 2010) . More broadly, understanding the 549 biogeochemical controls on microbial activity in the environment is a central challenge of 550 environmental microbiology, and we anticipate that further efforts to array biological and 551 geochemical diversity in a format amenable to high-throughput cultivation will enable 552 more rapid and accurate identification of the controls on microbial community composition 553 and activity. between Rhodanobacter relative abundance and ion concentrations. C. Venn diagram of 602 (i) inorganic ion parameters selectively inhibitory of N2E2 versus 10B01, (ii) significantly 603 positively correlated with increase Rhodanobacter abundance in the field survey, (iii) 604
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